A cyanobacterial toxin, microcystin-LR (MCLR), is a potent inhibitor of protein phosphatase that disrupts cytoskeleton network in hepatocytes. Conventional transmission electron and immunoelectron microscopic studies were conducted in the liver from mice that received a single dose of MCLR and were sacrificed at 24 hours after dosing. The two types of death of hepatocytes, necrosis and apoptosis, were observed concomitantly, and the hepatic injuries, therefore, could be classified as a class of mixed apoptotic and oncotic necrosis according to the recommended criterion by the Society of Toxicologic Pathologists. Apoptotic hepatocytes were characterized by ballooning with numerous intracytoplasmic vacuoles in addition to the common features of apoptotic cells referred in the literatures. In nonparenchymal cells, significant changes indicating microcirculatory alterations and inflammatory reactions included activation of endothelial cells and Kupffer cells, widening of sinusoidal endothelial fenestrae, apoptosis of endothelial cells, accumulation of platelets and polymorphonuclear neutrophils, and fibrin deposition. Pre-embedding immunoelectron microscopy with biotinylated anti-microcystin antibody demonstrated that MCLR was heterogeneously apparent in the cytoplasm of hepatocytes and strong immunoreactivity was evident in apoptotic cell/bodies. In nonparenchymal cells, there were no positive reactions except for phagocytic apoptotic bodies in Kupffer cells. These results suggest that liver damages induced by MCLR are ascribed to primary cytotoxic effects of the toxin localized in hepatocytes and secondary microcirculatory alterations and inflammatory reactions involved non-parenchymal cells. (J Toxicol Pathol 2001; 14: 157-161) 
T h e c y t o p l a s m i c n e t w o r k s o f c y t o k e r a t i n s , microtubules, and microfilaments as well as junctional complexes are critical components in the maintenance of cell sha pe , m otion, a nd f un ction of he pa to cy tes 1 . A cyanobacterial toxin, microcystin-LR (MCLR), is a potent inhibitor of protein phosphatase that disrupts cytoskeleton network and junctional complexes (desmosomes) in hepatocytes. MCLR is hazardous to animals and human since exposure to MCLR through environmental water may result in severe hepatic damages leading to death and very possibly causes hepatic neoplasms. In a disastrous incident in Brazil, 1996, more than 100 patients developed severe hepatic failure and approximately 50 deaths occurred, which were attributed to dialysis with water containing microcystins (see review 2 ). The mechanism responsible for the disintegration of tissue structure has long been the target of researchers. Ultrastructural studies in rats [3] [4] [5] and mice 6, 7 receiving a lethal dose of MCLR demonstrate that MCLR causes alterations of intracytoplasmic organelles such as mitochondria and rough endoplasmic reticulum, and loss of microvilli and desmosome in hepatocytes, and consequently results in necrosis and hemorrhage. Some of them have reported microcirculatory alterations indicated by widening of sinusoidal endothelial fenestrae and disruption of sinusoidal endothelial cells in rats 4, 5 . Other studies also have described that non-parenchymal cells other than sinusoidal endothelial cells are probably responsible for the hepatic damages. Intraperitoneal injection of a crude extract of cyanobacteria causes up-regulation of serum tumor necrosis factor-α (TNF-α) in mice 8 , suggesting participation of Kupffer cells. Recently, Guzman and Solter reported that MCLR can induce inflammatory reactions and concomitantly oxidative stress in rats with prolonged exposure to this toxin 9 . For elucidation of the pathogenesis of this widespread environmental toxicant, more investigations should be contributed to describe the details of ultrastructural changes in the liver and the relationship between localization of the toxin and the extent of cell damages.
Twelve female Balb/c mice were purchased from CLEA Japan Inc (Shizuoka) and kept in a barrier-sustained animal room controlled at suitable temperature (24 ± 2°C), humidity (55 ± 15%), ventilation (all-fresh-air system), and illumination (12-hour-light-dark cycle). They were housed in groups of 4 animals per cage, and offered pelleted diet (Oriental MF, Oriental Yeast Co., Tokyo) and tap water ad libitum. All animals were handled during the study in accordance with the Guidelines for Animal Experimentation issued by Japanese Association for Laboratory Animal Science 10 . Six-week-old mice were intraperitoneally injected with MCLR at doses of 0, 40.0, 48.0, and 57.6 µg/kg (n=2 at each dose) and then observed for 24 hours as described previously 11 . All animals were necropsied under ether anesthesia at 24 hours after administration. Livers were immediately removed, trimmed, fixed in 10% neutral buffered formalin, and embedded in paraffin. Dices of the tissue were also processed to transmission electron microscopy as previously reported 11 . To ultrastructurally observe the distribution of MCLR in situ, paraffin-embedded sections from two mice at 0 and 57.6 µg/kg were rehydrated and immersed in phosphate buffered saline, pH 7.2. After blocking non-specific reaction with 4% BlockAce (DaiNippon Pharmaceutical, Osaka), sections were incubated overnight with biotynilated anti-microcystin mouse monoclonal antibody (40 µg/ml) 12,13 at 4°C. The sections were incubated in horseradish peroxidase-labeled streptoavidin (Vector Laboratories, Burlingame, CA) for 1 hour at room temperature, further fixed with 1% glutaraldehyde in 0.1M phosphate buffer (PB) for 10 minutes, and reacted with diaminobenzidine (DAB) containing 0.01M sodium azide for 30 minutes and then DAB containing 0.005% H 2 O 2 for 5 minutes at room temperature. These specimens were post-fixed with 2% osmium tetroxide in PB and embedded in Quetol 812 (Nisshin EM Corporation, Tokyo). Ultrathin-sections were obtained and stained with or without lead citrate. All sections were examined in a JEM 1200-EX II electron microscope (JEOL Ltd., Tokyo).
Severe changes were evident in both parenchymal and non-parenchymal cells in mice receiving MCLR at 57.6 µg/ kg and similar changes were observed in mice at 48.0 µg/kg but to a lesser degree. There were very slight alterations, i.e. vacuolation of hepatocytes but no alterations in nonparenchymal cells in mice at 40.0 µg/kg.
At 24 hours after 57.6 µg/kg dosing, there were frequent occurrences of apoptotic changes in hepatocytes, which showed ballooning with numerous intracytoplasmic vacuoles (Fig. 1a) in addition to the common features of apoptotic cells, as recently described in carbon tetrachloride intoxication 14 . Hepatocellular apoptosis is thought to be a pronounced evidence in response to MCLR, since MCLR causes apoptosis in vitro that is mediated by inhibition of protein phosphatase capable of enhancing apoptotic cascades 15 . Intracytoplasmic vacuoles are a characteristic of hepatocellular damage and are either extensive invaginations of hepatocyte membrane related to alterations of cytoskeleton networks 7 or steatosis related to abnormal accumulation of triglycerides which may be partially mediated by oxidative stress 9 . In contrast, necrosis of hepatocytes was differentiated by swollen cytoplasm and intact nuclei. Numerous degenerative organelles, presumably derived from necrotizing hepatocytes, were frequently scattered in sinusoidal spaces, resulting in formation of microthrombi (Fig. 1b) . The hepatic injuries caused by MCLR intoxication, therefore, could be classified as a class of mixed apoptotic and oncotic necrosis according to the recommended criterion by the Society of Toxicologic Pathologists ad hoc Committee on the Nomenclature of Cell Death 16 . Endothelial cells in large intrahepatic veins, central veins, and adjacent sinusoids were hypertrophic and protruded into the lumen with prominent microvilli (Fig. 2a) . There were increases in cell organelles such as vesicles, polysomes, and dense bodies that are indicative of endothelial cell activation. Endothelial cell activation is generally seen during acute inflammation where TNF-α may play a critical role to elicit microvascular responses such as adhesion of polymorphonuclear neutrophils (PMN) and hypertrophy of endothelial cells 17 . In contrast, some sinusoidal endothelial cells became apoptotic showing chromatin margination and condensation in the nuclei (Fig.  2b) . Apoptotic endothelial cells have been reported as a direct cytotoxicity in the rat hypoxia-reoxygenation model 18 . Widening of sinusoidal endothelial fenestrae was frequently noted as described in previous reports 4, 5 . PMN and platelets frequently adhered to the lining of sinusoids, which may be responsible for the death of sinusoidal cells by releasing oxidants and proteases 19 , and may also result in hemostasis by impeding microcirculation as a consequence of narrowing sinusoidal spaces 20, 21 . Kupffer cells or macrophages seemed to be activated and exhibited rounding, ruffling of the cell surface, polarization of the nucleus, vacuolization and granule formation, and often phagocytosis (Fig. 3) . Kupffer cell activation is suggestive of release of cytokines such as TNF-α and oxygen-free radicals 22 . Some of platelets had several empty granules in the cytoplasm which are indicative of degranulation and are probably consistent to the features collectively called as the platelet release reaction of coagulation mediator 21 . Fibrin was concurrently deposited in sinusoids (Inset of Fig. 3) , that is presumably related to platelet degranulation. Fat-storing cells (Ito cells) appeared hypertrophic.
Anti-microcystin antibody shows the highest affinity to MCLR (affinity constant=3.1 × 10 10 ) 12 and is able to recognize MCLR-protein phosphatase adducts at about 40 kDa in liver extract from mice given MCLR 13 . Under the immunoelectron microscopy, the positive reaction with antibody against MCLR was heterogeneously apparent in the cytoplasm of hepatocytes (Fig. 4a) and strong immunoreactivity was preferentially evident in apoptotic cell/bodies (Fig. 4b) . In non-parenchymal cells, there were no positive reactions except for phagocytic apoptotic bodies in Kupffer cells. Our previous immunohistochemical study indicated that intralobular distribution of MCLR might be counted as one of the critical cues to bring the onset of liver damage including apoptosis 13 . The results of the present study strongly suggest that MCLR primarily affects hepatocytes and are well in agreement with previous findings demonstrated by morphological observations [3] [4] [5] [6] [7] . This study provides evidence that hepatic alterations are mediated by the primary cytotoxic effects in hepatocytes and subsequent involvement of non-parenchymal cell reactions, i.e. microcirculatory alterations and inflammatory responses, when mice received a sublethal dose of MCLR. Further studies concerning Kupffer cell reactions will be reported, indicating a critical role of Kupffer cell on the pathogenesis of MCLR hepatotoxicity. 
